Ti 0.4 ) (1−x) (Mn 1/3 Sb 2/3 ) x ]O 3 ceramics with x = 0.02, 0.03, 0.04, and 0.05 were synthesized by using a conventional solid state reaction route. The influence of La, Mn, and Sb contents on phase structure, microstructure, and electric properties were investigated. The results of X-ray diffraction (XRD) show that the phase structure of the ceramics transforms from rhombohedral phase to tetragonal phase. However, the minority pyrochlore phase appears on the micrographs of XRD and SEM if the doping concentration is greater than 2 mol%. The grain size of the ceramics gradually increases (from 1.36 µm to 1.57 µm) with increasing doping. The dielectric properties of the ceramics have been measured as a function of temperature in the range of 20°C to 430°C at 1 kHz. The results indicate that the transition temperature and the maximum dielectric constant decrease with increasing PL-PMS content in the system. These results clearly show the significance of PL-PMS in controlling the dielectric behavior of the PL-PMS-PZT system.
Introduction
For a long time, a large number of research has been focused on lead zirconate titanate solid solution (PZT) because of its interesting practical application such as actuators, transducers, sensors and pyroelectric detectors [1] [2] [3] [4] . PZT ceramics have been extensively modified (doped) with small amount of different additives that made them more attractive for any specific application. Such kind of modification is classified as "soft" or "hard" by differentiating the cases when the dopant ion has higher or lower valence than the targeted one in the ABO 3 perovskite cell [5] [6] [7] [8] [9] [10] [11] . It has been well established that La-modified PZT has tremendous electrical and electromechanical applications in research as well as in industry [12] [13] [14] .
From the literature survey of PLZT materials, it has been found that suitable substitution at Pb/La and/or Zr/Ti sites in different ratios can modify their electric, piezoelectric * E-mail: hayetmenasra@yahoo.com and pyroelectic properties [15] . Researchers have paid a lot of attention to co-doping of PZT with Mn and Sb (noted PMS-PZT) ceramics since it displayed significantly higher electromechanical coupling factors [16] [17] [18] [19] [20] . For example, the effect of rare-earth substitutions in PMS-PZT ceramics was studied by Yoon et al. [21] and later by Gao et al. [22] , but the effects of combined additions of Mn and Sb ions on PLZT ceramics have not been studied at all. In view of the above, we have studied the effect of Mn and Sb co-doping on structural and dielectric properties of PLZT (Zr/Ti:60/40) ceramics, which is reported here.
Experimental
The ceramic samples were prepared through a high temperature solid-state reaction technique [23] in the following conditions: charge neutrality and tolerance factor [4, 25] From now, we shall refer to this compounds as PZT − xPMS + xLa or x = 2 mol%, 3 mol%, 4 mol% and 5 mol%. The batch powders were dispersed in acetone and mixed by a magnetic stirrer for two hours. The obtained paste was dried at 80°C, and then crushed in a glass mortar for 4 hours. The powders were calcined at 900°C for 2 h at a heating rate of 2°C/min. The calcined powders were crushed in a similar manner to the first crushing but for 6 hours, for better size reduction. A 5 % polyvinyl alcohol (PVA) water solution was used as a binder to increase the plasticity of the powders. The weight ratio of the PVA solution and the powders was 1:20. The powder and PVA solution were mixed in a mortar and then uniaxially pressed into pellets at a pressure of 200 MPa in a cylindrical stainless steel die using a hydraulic press. The size of those pellets was 13 mm in diameter; while their thickness was 1 mm. The pellets were packed into crucibles covered with alumina cover. The inner space of the crucibles was filled with the powders of PbZrO 3 in order to prevent intensive evaporation of the lead during the sintering. A typical sintering schedule included heating to 1150°C for 120 minutes at a heating rate of 2°C/min and natural cooling in the furnace.
Powder X-ray diffraction was recorded by X-ray powder (BRUKER-AXE, D8) diffractometer using CuKα radiation (λ = 1.5406 Å) in a wide range of Bragg angles (20° 2θ 60°). Densities of sintered samples were calculated from the sample dimensions and weight. Microstructural features such as a grain size and pores were characterized by means of scanning electron microscopy (SEM: JEOL JSM-6390LV) [11] .
Sintered pellets were coated with silver to form an electric contact and fired at 750°C for forty five minutes, before using for any electrical measurements. The dielectric permittivity and loss tangent of the sintered samples at 1150°C were measured as a function of frequency at different temperatures (room temperature to 400°C) using LCR meter (Good Will Instrument Co., Ltd.).
Results and discussion

XRD results
The room temperature (RT) X-ray diffractogram of the PZT − xPMS + xLa perovskite ceramics sintered at 1150°C has been presented in Fig. 1 . The observed X-ray diffraction peaks are sharp and single, and they are different from the patterns of the ingredients. This confirms the good homogeneity and crystallization of the prepared sample. The XRD data have been analyzed by comparing with the JCPDS Card No. 53785 for the rhombohedral and 46-0504 for the tetragonal phases of PLZT ceramics. The XRD patterns of the ceramics, in the range of 2θ from 40°to 50°, show a change in the (2 0 0) reflection with the concentration of La, and PMS in the specimens. It is seen from this figure that the maximum emission peak for (2 0 0) is achieved at x < 5 mol% of La, and PMS in accordance with the rhombohedral cell, and is split to (0 0 2) and (2 0 0) at 5 mol% La and PMS in accordance with the tetragonal cell pattern. The transformation from rhombohedral to tetragonal phase can be attributed to the fact that introduction of La 3+ , the ionic radius of which is smaller than that of Pb 2+ , in the A-site induces lattice distortion, reducing the cell volume with shortened a-axis and c-axis in the perovskite structure [9, [26] [27] [28] . As the La, PMS concentrations increase, the ceramic system gradually changes from rhombohedral to tetragonal phase probably approaching towards the morphotropic phase boundary (MPB = R + T) region. Lattice parameters were assessed using d h k l values calculated from XRD patterns of the pellets sintered at 1150°C (Table 1) . However, there is an additional peak (for x > 2 mol%) usually referred as secondary or pyrochlore phase [29, 30] . The relative amount of the pyrochlore phase to the perovskite phase was estimated using the following peak intensity ratio equation [31] :
× 100 (1) where I pyro. an I (1 1 0) are the intensities of the pyrochlore peak and the (1 1 0) perovskite phase.
The pyrochlore values are found to increase with increasing ions additions (from 3 % to 6 %), which is in agreement with the value reported for doped PZT [32] . 
SEM analysis
SEM micrographs of the sintered samples are shown in Fig. 2 . The sintered pellets have been found to have a grain size of the order of ∼2.28 µm and uniform grain distribution, which is in accordance with the value shown in Table 1 . On the other hand, the secondary pyrochlore phase is clearly present on the micrographs as cubic particulates [33, 34] (Fig. 2c and Fig. 2d ) but PLZT phase as spherical particulates. The average grain size was determined directly from the SEM micrographs by using the classical linear interception method. Fig. 3 shows the variation of the dielectric constant r as a function of temperature at frequency of 1 kHz for all ceramics sintered at 1150°C. Similar to other ferroelectrics, the dielectric constant of PZT − xPMS + xLa increases progressively with a rise in temperature up to its maximum value max at a particular temperature (called Tc) and then decreases, indicating the phase transition in the compounds. The dielectric peaks are found slightly broadened for x > 2 mol% and sharp for x = 2 mol%. The broadened peaks indicate that the phase transition is of diffuse type, which is an important characteristic of disordered and distorted perovskite materials. The broadening of the peak is attributed to disordering in the arrangement of cations at the A-site (La 3+ ) and/or B-site (Mn 4+ and Sb 3+ ) leading to a microscopic heterogeneity in the composition, and/or scattering mechanism where the scattering cross-section depends on the grain size and/or the inter-grain spacing [35] . 4 shows the change in dielectric loss (tanδ) as a function of temperature at 1 kHz. For the all compositions sintered at 1150°C, as temperature increases, loss tangent is almost constant up to 300°C, but then it starts increasing with temperature. This increase in tanδ may be due to an increase in the electrical conduction of the residual current and absorption current [36] . The values of dielectric constant and tanδ at RT and Tc are given in Table 2 . The degree of disorder of the PZT − xPMS + xLa can be described by a modified Curie-Weiss relationship [37] where γ and C are assumed to be constant:
Dielectric properties
The parameter γ gives information on the character of phase transition: for γ = 1, a normal CurieWeiss law is valid, γ = 2 describes a complete diffuse phase transition (DFT) [38] . Fig. 5 shows the plot of ln((1/ ) -(1/ max ) versus ln(T − Tc) at 1 kHz for PLZTMS sample. Linear relationships were obtained. The slopes of the fitting curves were used to determine the parameter γ. The values of γ are listed in Table 2 . It can be seen an increase (x > 0.02) in the value of γ with La and PMS concentrations indicating an increase in diffusivity. 
Conclusions
PZT − xPMS + xLa ceramics have been prepared using solid-state reaction technique and their structural and dielectric properties were investigated. Addition of La and PMS seems to enhance crystallization of the raw powders in the rhombohedral phase for x = 2 mol%, 3 mol%, and 4 mol% but in the tetragonal phase for x = 5 mol%. Moreover, the secondary phase has been detected in ceramics with x > 2 mol%; it increased with increasing ion doping. Grains with the size ranging from 1.36 µm to 1.57 µm and uniform grain distribution were obtained which is confirmed by the density of the ceramics. The decrease in transition temperature and dielectric constant can be attributed to lead vacancies creation by donor cation (La 3+ ), and acceptor cations (Mn 4+ and Sb 3+ ) to reduce the oxygen vacancies mobility and balance the charge in the modified PZT. The decreasing of diffusivity γ of the compounds with x > 2 mol% indicates some degree of disordering in the system.
